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Chapter 1
Introduction
1.1 Background
A typical driving situation during winter is braking with dissimilar friction
between the left and the right side of the vehicle. These circumstances may
occur when braking on a road with bare ground in the middle of the road and
snow along the side. The result is a disparity in brake forces between the left
and the right wheels which creates a torque around centre of gravity making
the car turn to the high friction side of the road. Due to the turning motion,
the driver must interfere and counter steer in order to keep the stability of
the vehicle. The situation can quickly become out of control if the driver
does not react properly.
Another dangerous driving situation is when the vehicle is exposed to side
wind. The impact from a sudden side wind pushes the car in the wind
direction which is a safety as well as a comfort issue.
These situations are examples where active chassis systems are needed in or-
der to help the driver maintain control over the vehicle, and thereby increase
driving safety.
1.2 Purpose
Active chassis systems such as active brakes, steering, and suspension sys-
tems, are becoming more and more common in production cars. These sys-
tems have often been designed for a primary function but their purpose can
be extended which opens up new possibilities for vehicle dynamics control.
It is of interest to investigate which actuator that is the most suitable for
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a given application as well as the possibility of actuator integration in an
eﬀort to improve the control.
The main purpose of this project is to compare and coordinate active chassis
systems in a search for new ways of controlling two driving situations; Side
wind exposure and µ − split braking. These situations are to be mastered
by three active systems; active steering, brakes and suspension.
1.3 Method
The project has been carried out at DaimlerChrysler AG, Vehicle Systems
Dynamics, in Sindelﬁngen outside Stuttgart, Germany. The work has been
structured in the following manner:
• Study vehicle dynamics, active chassis systems and control theory
• Derive a vehicle model that includes the actuators
• Investigate how the actuators can be used in the driving situations;
Side wind exposure and µ− split braking
• Derive controllers and implement them in Matlab/Simulink
• Evaluate the actuators and the control strategies in simulation
• Test the most promising systems in a test vehicle
1.3.1 Software
Matlab/Simulink has been used for simulation of controllers and models.
The reference model of the vehicle is called CASCaDE. CASCaDE is not an
ordinary dynamic system, instead it is built on characteristic curves that are
tuned to ﬁt the test vehicles behavior. It is originally modelled in Fortran but
in order to run it on the Matlab/Simulink platform it has been converted to
an s-function. The controllers were implemented in the test vehicle through
dSpace/RapidPro.
1.4 Outline
Chapter 2: Introduces the vehicle variables that are used in this project.
Focus is on the motion in the horizontal plane.
Chapter 3: Presents the active chassis systems that are used in this project.
Each systems functions and actuators are presented.
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Chapter 4: This chapter describes the vehicle model which the control is
based on. The model is called onetrack model or bicycle model, a model
which is very well known and frequently used in the automotive industry.
Chapter 5: In this chapter strategies to control side wind disturbances are
derived. Results are presented from both simulations and a test vehicle.
Chapter 6: This chapter focuses on the situation when braking on a µ−split
road. Control strategies are derived and evaluated in simulation.
Chapter 7: In Chapter 7 a possible design of a global vehicle dynamics
controller is presented. Focus is on an architecture that integrates control
systems designed for diﬀerent applications.
Chapter 8: In chapter 8 conclusions based on the results made in this thesis
are presented. After that proposals for future work are stated.
1.5 Notations
Bold letters denote vectors or matrices. The index i refers to the wheels
where i = 1 means front left, i = 2 front right, i = 3 rear left, and i = 4 rear
right. The index j refers to the axles where j = 1 is the front axle and j = 2
is the rear axle.
Chapter 2
Basics of Vehicle Dynamics
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Figure 2.1: Forces acting on the car
In order to describe and analyze ve-
hicle motion in a mathematical way,
dynamic models of the vehicle needs
to be derived. Depending on the
purpose of the model, diﬀerent coor-
dinate systems and motion variables
are required. This chapter presents
the relevant variables in this project.
Focus is on lateral and longitudinal
motion, the vertical forces Fz,i, see
Figure 2.1, are therefore assumed to
be known and unaﬀected by the mo-
tion in the horizontal plane. For an
extended description of vehicle mo-
tion and alternative ways of express-
ing the quantities, the reader is ad-
vised to visit [1, 2, 6, 7, 8].
The vehicle is treated as a rigid body
that moves in a plane. It will be assumed that the body is symmetric around
its longitudinal axis. The movement has then three degrees of freedom.
• Lateral direction
• Longitudinal direction
• Rotational movement around the centre of gravity
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2.1 Coordinate Systems
As can be seen in Figure 2.2 and 2.3 three coordinate systems are used in
order to describe the vehicle behaviour.
• The Earth ﬁxed coordinate system (X,Y, Z) with its origin at some
point in the environment. The vehicle driving path is described in this
system.
• The Vehicle ﬁxed coordinate system (x, y, z) has its origin in the centre
of gravity. This system is used for the vehicle models.
• The Wheel ﬁxed coordinate system (xw, yw, zw) has its origin in the
wheel ground contact point. The wheel forces are often calculated in
this coordinate system.
?
?
?
?
?
?
?
Figure 2.2: Vehicle in earth ﬁxed coordinate sys-
tem
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Figure 2.3: Wheel coor-
dinate system
2.2 Motion Variables
Yaw Angle
The yaw angle ψ is deﬁned as the rotation around the vehicle vertical axis
z i.e. the angle between the longitudinal axis in the vehicle ﬁxed coordinate
system and the longitudinal axis in the Earth ﬁxed coordinate system. The
time derivative of the yaw angle, ψ˙, is referred to as the yaw rate. The yaw
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rate is measured in the car and it is also one of the state variables when
modelling a vehicle.
Velocity and Acceleration
As can be seen in Figure 2.2, the velocity v is deﬁned as the velocity of the
center of gravity in the earth ﬁxed coordinate system but it is often expressed
in vehicle ﬁxed coordinates. This is also the case for the acceleration a. When
neglecting the vertical components, the acceleration is calculated as follows:
a = v˙ + ω × v =
 v˙cos(ψ)v˙sin(ψ)
0
+
 00
ψ˙
×
 vcos(ψ)vsin(ψ)
0
 (2.1)
In vehicle ﬁxed coordinates this yields:
ax = v˙x − vyψ˙ (2.2)
ay = v˙y + vxψ˙ (2.3)
Vehicle Side Slip Angle
Steering Angle
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Figure 2.4: α, δ and λ
The vehicle side slip angle β is the angle between the
velocity vector acting on the center of gravity and
the longitudinal axis in vehicle coordinates. This
means that tan(β) = vyvx .
2.3 Tire Variables
The steering angle δ is the angle between the vehicle
longitudinal axis and the wheel longitudinal axis.
Tire Side Slip Angle
The tire side slip angle α is deﬁned as the angle
between the velocity vector acting on the wheel-
ground contact point and the longitudinal axis in the wheel ﬁxed coordinate
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system. In order to include α in vehicle models, an expression in vehicle
ﬁxed coordinates needs to be derived.
Figure 2.4 shows that
αi = δi − arctan(vw,y,i
vw,x,i
) (2.4)
Consider Figure 2.5. The velocities for each wheel are described in vehicle
ﬁxed coordinates below.
vw1 = (vcos(β)− ψ˙ bf2 )ex + (vsin(β) + ψ˙lf )ey
vw2 = (vcos(β) + ψ˙
bf
2 )ex + (vsin(β) + ψ˙lf )ey
vw3 = (vcos(β)− ψ˙ br2 )ex + (vsin(β)− ψ˙lr)ey
vw4 = (vcos(β) + ψ˙ br2 )ex + (vsin(β)− ψ˙lr)ey
(2.5)
Where ex and ey are the vehicle x and y-direction respectively.
Xx
xw1
yw1
v
b
Y
vw1 vw2
vw4
vw3
bf
br
lr
lf
Figure 2.5: Wheel velocities
It is now possible to calculate the wheel side slip angle by inserting (2.5) into
(2.4) which yields the following result.
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α1 = δ1 − arctan
(
vsin(β)+ψ˙lf
vcos(β)−ψ˙ bf
2
)
α2 = δ2 − arctan
(
vsin(β)+ψ˙lf
vcos(β)+ψ˙
bf
2
)
α3 = δ3 − arctan
(
vsin(β)−ψ˙lr
vcos(β)−ψ˙ br
2
)
α4 = δ4 − arctan
(
vsin(β)−ψ˙lr
vcos(β)+ψ˙ br
2
)
(2.6)
These expressions are often simpliﬁed when deriving vehicle models where
small β and α can be assumed. This simpliﬁcation is described in Chapter
4.
Wheel Slip
?
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?
Figure 2.6: The wheel
radius and angular veloc-
ity
There are various deﬁnitions of wheel slip, in this
report the Burckhardt approach is used [2]. The
longitudinal slip is deﬁned in the direction of vw,
and the lateral slip is deﬁned in the orthogonal di-
rection.
Tire forces build up if relative velocity occurs be-
tween the tire-road contact patch and the road sur-
face. The ratio between the relative velocity and a
given velocity is called slip λ. Consider Figure 2.4
and 2.6. When braking λ is deﬁned as
λl =
ωwrwcos(α)− vw
vw
(2.7)
λs =
ωwrwsin(α)
vw
(2.8)
and when driving it is deﬁned as:
λl =
ωwrwcos(α)− vw
ωwrwcos(α)
(2.9)
λs = tan(α) (2.10)
These deﬁnitions assure that the slip λ always is within the interval [−1, 1]
where −1 and 1 corresponds to 100% slip.
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The resulting wheel slip is the geometrical sum of the longitudinal and lateral
slip.
λ =
√
λ2l + λ2s (2.11)
Friction coeﬃcient
The friction coeﬃcient µ is the ratio between the friction force in the hori-
zontal plane and the wheel load.
µ =
Fw
Fz
(2.12)
One way of expressing the friction coeﬃcient is the Burckhardt approach
described below.
µ(λ) = c1(1− e−c2λ)− c3λ (2.13)
The constants c1, c2 and c3 originate from the ground and tire characteris-
tics. The corresponding lateral and longitudinal friction coeﬃcients can be
calculated as follows.
µl = µ
λl
λ
and µs = µks
λs
λ
(2.14)
Lateral Forces
By using Equation 2.12 to 2.14, an expression for the lateral forces may be
derived as follows.
The longitudinal force in the direction of vw is
Fl = µlFz = µ
λl
λ
Fz (2.15)
The lateral force in the direction orthogonal to vw is
Fs = µsFz = µks
λs
λ
Fz (2.16)
Transformed into the wheel coordinate system the lateral force is:
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Fyw = Fscos(α)− Flsin(α) (2.17)
Inserting (2.15) and (2.16) into (2.17) yields
Fyw =
(
µks
λs
λ
cos(α)− µλl
λ
sin(α)
)
Fz (2.18)
When driving at a constant speed with small wheel side slip angles a simpli-
ﬁed expression, derived below, can be used.
The resulting slip λ is, for driving, deﬁned as follows:
λ =
√
(ωwrwcos(α)−vw)2+(ωwrwsin(α))2
(ωwrw)2
= 1ωwrw
√
(ωwrw)2 − 2ωwrwvwcos(α) + v2w
(2.19)
For small α, the expression for λ becomes:
λ =
1
ωwrw
√
(ωwrw)2 − 2ωwrwvw + v2w =
ωwrw − vw
ωwrw
= λl (2.20)
By inserting (2.13) and (2.20) into Equation 2.18 and rewriting the wheel
slip components under assumption of a small α, the following expression for
the lateral force is achieved.
Fyw = (ks
(c1(1− e−c2λ)− c3λ)
λ
)− c1(1− e−c2λ)− c3λ)αFZ (2.21)
When neglecting the external forces e.g. aerodynamic drag etc. λ ≈ 0 holds.
In order to calculate the limit of Fs when λ → 0 the second order Taylor
expansion of e−c2λ is needed.
e−c2λ ≈ 1− c2λ+ c
2
2
2
λ2 (2.22)
By inserting this into Equation 2.21 the limit is calculated as follows:
limλ→0 Fyw = limλ→0(ks
(c1(1−(1−c2λ+ c
2
2
2
λ2))−c3λ
λ )−
−c1(1− (1− c2λ+ c
2
2
2 λ
2))− c3λ)αFZ
= (ksc1c2 − c3)αFz
(2.23)
The result is a simpliﬁed expression for the side force Fs which is valid in
non critical driving situations.
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Fyw,i = ciFz,iα (2.24)
The constant ci is called cornering stiﬀness factor, it is adapted for each
wheel since c1, c2, c3 and ks are depending on road friction, tire pressure etc.
Longitudinal Forces
Longitudinal forces are derived in a similar way as the lateral forces.
Fxw = Flcos(α) + Fssin(α) (2.25)
When inserting (2.15)and (2.16) into (2.25) the following expression is achieved.
Fxw =
(
µ
λl
λ
cos(α)− µksλs
λ
sin(α)
)
Fz (2.26)
Chapter 3
Active Chassis Systems
This chapter presents active systems and actuators that are used in this
project.
3.1 Active Brakes
3.1.1 Anti-lock Braking System (ABS)
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?
Figure 3.1: Picture of wheel with
brake system
The ABS is a control system which
prevents the wheels from locking while
braking. It has two purposes
• Help the driver to maintain steer-
ing control
• Shorten the braking distance
The shortest braking distance is reached
when the wheels operate at the slip
of maximum adhesion coeﬃcient µl,max
see Figure 3.2.
A simple description of the control sys-
tem in ABS is described below. For
a more detailed explanation see [1, 2].
Consider Figure 3.1, the brake torque at
the wheel base depends on the applied
braking pressure pB yielding.
TB = FBrw = rBµBABpB = rwkBpB (3.1)
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Where TB is the brake torque, rw is the wheel radius, µB is the friction
coeﬃcient of brakes and AB is the brake area.
Figure 3.2: µl versus λl when α = 0
The wheel torque balance, without
drive torque, may now be modelled
as follows.
Jwω˙w = rwµl(λl)Fz − rwkBpB
(3.2)
When applying brake pressure, the
diﬀerence on the right hand side
of Equation 3.2 becomes negative
yielding a decrease in wheel angu-
lar velocity, ω. This means that the
longitudinal wheel slip λl increases,
see Section 2.3. At ﬁrst the friction
coeﬃcient µl(λl) increases as well
which narrows the torque diﬀerence. If pB is continuously increasing the
slip will pass the point of µl,max and the loop becomes unstable yielding a
high deceleration of the wheel rotation which causes lock-up.
In order to apply a brake pressure that gives a friction close to µl,max, the
ABS system measures ωw which is used to calculate the wheel equivalent
speed vr = ωwrw. The diﬀerentiation v˙r is then calculated and controlled
with brake pressure so that it is kept within a region which gives high friction.
3.2 Active Steering
There are diﬀerent kinds of active steering systems. In this project an arbi-
trary steering system, modelled with a linear relation between the steering
wheel angle δsw and the steering angle δ, is used. This means that the
outputs from the controllers in simulation will be treated as steering wheel
angles. The reason for this approach is that the controllers developed in this
project deliver set points for the actuators. This means that several systems
might be suitable as long as they are fast and accurate. Some of the active
steering systems are presented below.
3.2.1 Power Steering (PS)
Power steering is a well known system that is mounted in almost every new
car. Its main purpose is to reduce the steering eﬀort by adding a torque at
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the steering rod. There are currently three kinds of power steering; Hydraulic
(HPS), Electric (EPS) and Electro-hydraulic (EHPS). The hydraulic power
steering is mechanical and driven by the vehicle engine while the electric
is driven by an independent electric motor where the intervention is calcu-
lated by a computer. The electro-hydraulic system consists of an electric
motor that provides hydraulic pressure, the applied torque is calculated by
a computer.
It is possible, by modifying the software for EPS and EHPS, to add torque
on the steering rod even when the driver does not steer. These systems may
then be used for active steering where the applied steering angle is based on
commands given by other systems e.g. a yaw rate controller.
3.2.2 Active Front Steering (AFS)
The Active Front Steering is a steering system with variable transmission
ratios and power assistance. An electromechanical actuator between the
steering wheel and the steering transmission adds an additional positive or
negative steering angle to the input applied by the driver. It uses a planetary
gear with two input shafts and one output shaft ﬂanged onto the rack and
pinion steering gear. One of the input shafts is connected to the steering
wheel, the second is driven by an electric motor. The overall steering angle
applied on the output shaft is made up of the steering wheel angle plus the
angle of the electromechanical adjuster.
3.2.3 Steer by Wire (SBW)
A steer by wire system does not have any mechanical connection between
the steering wheel and the wheels. Instead it uses electric motors which
get instructions from a computer that calculates the desired steering angle
from the steering wheel action. The advantage by using this solution is
that an additional steering angle can be applied without the driver feeling
anything. This is convenient when large steering angles are demanded for
skid prevention etc. However, since the vehicle becomes uncontrollable in
terms of steering if the system shuts down, this is not used in production
cars.
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3.3 Active Suspension System
3.3.1 Active Body Control (ABC)
The active suspension system used in this project is the Active Body Control
suspension found in some of Mercedes-Benz production cars. The purpose of
the ABC system is to enhance the driver comfort and to decrease the vehicle
roll angle during cornering. The system consists of a steel spring, a damper
and a hydraulic cylinder. Through the hydraulics, a change in wheel load
can be made by changing the position of the spring. The system is unique
for DaimlerChrysler and in order to get more information about it read [10].
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Figure 3.3: Force equilibrium during
warp
By modifying the ABC system a
permanent change in wheel loads
can be applied, see Figure 3.3. This
is called warp and it is in this project
deﬁned as follows.
w = Fz,1 − Fz,2 − Fz,3 + Fz,4 (3.3)
The torque equilibrium around the
lateral and longitudinal axis re-
main unchanged which means that
no pitch or roll motion is induced
by this manoeuvre. This means
that when warp is positive the left
front and the right rear wheel have
more wheel load than the other two
wheels.
The maximum amount of warp is
limited either by the suspension con-
struction which can be saturated or
by the physical limit max(|w|) ≤
4 ·min(Fz,i) which means that the largest force that can be translated from
a wheel can not be larger than the original wheel load.
3.4 Electronic Stability Program (ESP)
An ESP system's basic function is more or less a yaw rate and lateral accel-
eration controller that acts as supervisor to the active brakes. It compares
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the driver's intended direction in steering and braking inputs, to the vehi-
cle's response, via lateral acceleration, rotation and individual wheel speeds.
ESP then brakes individual front or rear wheels and, in some conﬁgurations,
reduces excess engine power as needed to help correct under steering or over
steering. Future ESP systems will include additional actuators such as active
steering and suspension in order to improve the performance. This might,
however, go under another name.
Chapter 4
Vehicle Modelling
Process models are vital for behavior analysis and control design. In the
case of vehicle modelling, several models have been derived for a number
of purposes. In general a simple model is preferable as long as its perfor-
mance coincides with the process'. This chapter focuses on such a model,
the onetrack model found in [8].
4.1 Deriving a Onetrack Model
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Figure 4.1: The idea be-
hind the onetrack model
The idea of a onetrack model, see Figure 4.1, also
known as bicycle model, is to simplify the dynamics
of the vehicle but maintain the behaviour. It is valid
when driving at a constant speed and manoeuvreing
with moderate steering angles and low slip.
The onetrack model used in this project is a second
order dynamical system. The approach uses the
yaw rate ψ˙ and the time derivative of the lateral
velocity v˙y as state variables.
Newton's second law is applied to the chassis yield-
ing the following equations.
Force equilibrium in the longitudinal direction
may = Fy,fcos(δ) + Fy,r (4.1)
Torque equilibrium around the altitude axis
Jzψ¨ = lfFy,fcos(δ)− lrFy,r (4.2)
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These equations can be linearised under the assumption that only small
angles will be used e.g. δ, α, β < 10◦. This means that cos(δ) ≈ 1 and
β = vyvx . This gives the following dynamical system:
Jzψ¨ = lfFy,f − lrFy,r (4.3)
v˙y = −vxψ˙ + 1
m
(Fy,f + Fy,r) (4.4)
As previously mentioned in Section 2.3, with small α and λ the lateral forces
can be described by a constant originating from the tire adhesion character-
istics multiplied with the tire side slip angle α and the wheel load Fz.
Fy,f = cfFz,fαf (4.5)
Fy,r = crFz,rαr (4.6)
Additionally, if the wheel load is assumed constant, the expressions for the
front and rear tire forces are.
Fy,f = Cfαf (4.7)
Fy,r = Crαr (4.8)
Consider Equation 2.6. The expression for α can, under the assumption that
β is small and that bf = br = 0 which directly follows from the onetrack
approach, be described as:
αf = δ − vy + lf ψ˙
vx
(4.9)
αr = −vy
vx
+
lrψ˙
vx
(4.10)
By inserting (4.7)-(4.10) into (4.3) and (4.4) a state space representation is
obtained.
(
ψ¨
v˙y
)
=
 − l2fCf+l2rCrJzvx lrCr−lfCfJzvx
−vx + lrCr−lfCfmvx −
Cf+Cr
mvx
( ψ˙
vy
)
+
(
lfCf
Jz
Cf
m
)
δ (4.11)
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The system matrix A is time invariant under the condition that v˙x = 0.
4.1.1 Stability Analysis
The system poles which also are the eigenvalues to A, are calculated to
analyze the stability of the system. They are obtained by solving (4.12).
det(sI−A) = 0
s2 +
(
σ
mvx
+ κJzvx
)
s+
(
κσ−ρ2
mJzv2x
+ ρJz
)
= 0
(4.12)
Which gives:
s1,2 = −12
(
σ
mvx
+
κ
Jzvx
)
±
√
1
4
(
σ
mvx
+
κ
Jzvx
)2
−
(
κσ − ρ2
mJzv2x
+
ρ
Jz
)
(4.13)
The system is stable except when
1
2
(
σ
mvx
+
κ
Jzvx
)
<
√
1
4
(
σ
mvx
+
κ
Jzvx
)2
−
(
κσ − ρ2
mJzv2x
+
ρ
Jz
)
(4.14)
which can be simpliﬁed to
CfCr(L)2 < −mv2x(lrCr − lfCf ) (4.15)
where the left part of the equation is positive. Since m is the mass of the
vehicle and vx has a real value this means that lrCr − lfCf < 0 which
corresponds to a vehicle with over steering characteristics.
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Figure 4.2 shows a pole diagram for lateral velocities between 20 km/h to
180 km/h. With the model parameters taken from the test vehicle the poles
become complex for vx > 22.3 km/h.
Imag.
axis
Real axis
Figure 4.2: Pole diagram for the onetrack model
Chapter 5
Side Wind Disturbance
5.1 Introduction
Side wind interference is a well known disturbance among drivers. The im-
pact from a sudden side wind pushes the car in the wind direction which is
a safety issue as well as a comfort issue. Most of today's production cars do
not have any system that counteracts the wind force. It is of interest to ﬁnd
a solution to measure or estimate the wind and then use the information
to compensate the wind force. It would be preferable to control side wind
with existing actuators and sensors. In the following chapter an approach
to estimating side wind, using a disturbance observer, is presented. Further-
more feedforward controllers are designed for the active chassis systems in
an attempt to keep the inﬂuence of side wind at a low level.
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Figure 5.1: Wind veloc-
ities and force model
In order to estimate side wind, a model of the wind
force applicable to the onetrack model is derived.
The idea of how to model it is taken from [3]. Fig-
ure 5.1 shows the wind ﬂow direction when side
wind is present. The component in the x-direction
is caused by the vehicle velocity and the component
in the y-direction is the side wind. By calculating
the geometrical sum of these wind components a
resultant wind ﬂow vres,wind is obtained.
vres,wind =
√
v2x,wind + v
2
y,wind (5.1)
τwind = arctan(
vy,wind
vx,wind
) (5.2)
The wind ﬂow causes a force in the lateral direction
and a torque around the centre of the vehicle which
can be expressed as follows:
Sw =
ρw
2
cs(τw)Asv2res,wind (5.3)
M∗z =
ρw
2
cN (τw)Asv2res,windL (5.4)
where ρw is the density of the air, As is the area
of the vehicle's front and cs(τw) and cN (τw) are air
resistance coeﬃcients originating from the vehicle
hull properties.
The torqueM∗z needs to be translated to the centre
of gravity in order to be used in a onetrack model.
This is done in the approach below:
Mz = Swe (5.5)
where e = c
∗
N
cs
L and c∗N =
(
cN + cs
(
lf
L − 12
))
. For small τw it is assumed
that e is constant.
It is now possible to include the side wind force in the onetrack model, which
is done in Section 5.4.
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Active Steering
When a vehicle is exposed to side wind , the driver counter steers with the
steering wheel. With an active steering system the same manoeuvre can be
carried out automatically with shorter reaction time and higher precision as
a result.
Brake Steering
Another way of controlling the direction in which the vehicle is heading is
obtained by dissimilar braking. This technology is already implemented in
ESP systems which have been on the market for a couple of years. If a
vehicle is equipped with a brake system that allows the brake pressure pB to
be distributed to each wheel independently, it is possible to steer the vehicle
by applying brake forces in a way that creates a torque around the vertical
axis as described below:
Jzzψ¨ = (Fy,1+Fy,2)lf−(Fy,3+Fy,4)lr+(Fx,2−Fx,1)bf2 +(Fx,4−Fx,3)
br
2
(5.6)
Figure 5.2: Steering angle change for dif-
ferent brake forces applied at the front
axle
Due to the construction of the sus-
pension system there are further ef-
fects that need to be taken into ac-
count. The brake forces applied
have an eﬀect on the steering angle
δi. The eﬀect can be approximated
as proportional to the diﬀerence in
brake force between the left and the
right side of the vehicle yielding the
following expression for the steering
angle:
δi = δ0,i+k∆Fx,j(Fl,2−Fl,1+Fl,4−Fl,3)
(5.7)
where i and j are the wheel and axle
indices respectively. In Figure 5.2
the steering angle changes are shown in three cases with diﬀerent brake
forces applied. The results show an almost linear dependency between brake
force and steering angle.
The steering eﬀect is diﬀerent depending on what wheel or wheels that brake.
Assuming that the car is symmetric over the longitudinal axis x it suﬃcient to
brake the wheels on one side of the vehicle in order to show the eﬀect. Three
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Figure 5.3: Responses in ψ˙ when braking
with a total brake force of -1500 N
cases need to be compared; brak-
ing the front wheel, rear wheel and
front and rear wheel simultaneously.
In order to decide which method to
choose, simulations were carried out
comparing the alternatives. The to-
tal brake force was the same in all
simulations. The yaw rate was used
as a measurement of vehicle steer-
ing. The result is displayed in Fig-
ure 5.3.
It can be seen that braking on the
front wheel gives the highest yaw
rate for a given brake force, more
over, since the car is rear wheel driven, brake torque added at the rear axle
will interfere with the drive torque from the engine. Due to the results, front
wheel brake steering will be used in this project.
Suspension Steering
The Active Body Control system can apply warp which can be used in this
application since it has, under normal driving conditions, an eﬀect on the
steering angle [9].
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Figure 5.4: Steering
angle change
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Figure 5.5: Force change
By changing the wheel loads a change in steering angle is achieved which is
illustrated in Figure 5.4 and 5.5. This means that ABC can be used to create
a torque around the altitude axis which counter acts the motion induced by
wind. The change in steering angle is modelled as follows:
δi = δ0,i + kw,j · Fz, j, r − Fz, j, l
Fz, j, r + Fz, j, l
(5.8)
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5.4 An Extended Onetrack Model
In the previous section two additional steering approaches were introduced.
These steering systems and the side wind force are included in an extended
onetrack model below.
The motion equations are once again presented, this time including the wind
force and a longitudinal force component.
Jψ˙ψ¨ = lf (Fy,1Fy,2)− lr(Fy,3 + Fy,4) +
bf
2
(∆Fx) + Swe (5.9)
v˙y = −vxψ˙ + 1
m
(Fy,1 + Fy,2 + Fy,3 + Fy,4) +
Sw
m
(5.10)
The forces Fy,i are modelled as a function of side slip angle, tire stiﬀness and
wheel load:
Fy,i = ciFz,iαi (5.11)
The wheel load distribution when the vehicle is standing still (v˙ = v = 0)
is calculated, by using the torque equilibrium around the longitudinal and
lateral axis, to become:
F ∗z,1 =
mglr
2(lf+lr)
F ∗z,2 =
mglr
2(lf+lr)
F ∗z,3 =
mglf
2(lf+lr)
F ∗z,4 =
mglf
2(lf+lr)
(5.12)
The deﬁnition of warp is once again presented
w = Fz,1 − Fz,2 − Fz,3 + Fz,4 (5.13)
Warp is distributed over the four wheels in accordance with the torque and
force equilibrium. Together with Equation 5.12, this yields an extended
description of the stationary wheel loads.
Fz,1 = mglr2(lf+lr) +
w
4
Fz,2 = mglr2(lf+lr) −
w
4
Fz,3 =
mglf
2(lf+lr)
− w4
Fz,4 =
mglf
2(lf+lr)
+ w4
(5.14)
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The applied warp and the diﬀerence in longitudinal forces aﬀect the steer
angle as described in the expression below:
∆δj = ±δj,0 + kw,f · Fz, j, r − Fz, j, l
Fz, j, r + Fz, j, l
+ k∆Fx,j · (Fx,r − Fx,l) (5.15)
This term will change the expression for α. Superposed to the vehicle side
slip angles deﬁned in Equation 4.9 and 4.10 the new expression yields:
α1 = δ − vy + lf ψ˙
vx
− δf,0 + kw,f · Fz,2 − Fz,1
Fz,2 + Fz,1
+ k∆Fx,f ·∆Fx (5.16)
α2 = δ − vy + lf ψ˙
vx
+ δf,0 + kw,f · Fz,2 − Fz,1
Fz,2 + Fz,1
+ k∆Fx,f ·∆Fx (5.17)
α3 = −vy − lrψ˙
vx
− δr,0 + kw,r · Fz,4 − Fz,3
Fz,4 + Fz,3
+ k∆Fx,r ·∆Fx (5.18)
α4 = −vy − lf ψ˙
vx
+ δr,0 + kw,r · Fz,4 − Fz,3
Fz,4 + Fz,3
+ k∆Fx,r ·∆Fx (5.19)
By using the Equations from 5.9 to 5.19 the extended motion equations can
be derived:
ψ¨ = 1Jz (lfCf (δ −
vy+lf ψ˙
vx
+ k∆Fx,f∆Fx)− lrCr(−vy−lf ψ˙vx + k∆Fx,r∆Fx))−
− w2Jz (lfcf (δ0,r + kw,f ) + lrcr(δ0,r + kw,r)) +
bf
2Jz
∆Fx + SweJz
(5.20)
v˙y = −vxψ˙ 1m(Cf (δ −
vy+lf ψ˙
vx
+ k∆Fx,f∆Fx) + Cr(−vy−lf ψ˙vx + k∆Fx,∆Fx))−
− w2m(cf (δ0,r + kw,f )− cr(δ0,r + kw,r)) + Swm
(5.21)
Some constants are introduced to simplify the expressions:
ρ = lrCr − lfCf (5.22)
σ = Cf + Cr (5.23)
κ = l2rCr + l
2
fCf (5.24)
ξ1 = lfcf (δf,0 + kw,f ) + lrcr(δr,0 + kw,r) (5.25)
ξ2 = cf (δf,0 + kw,f )− cr(δr,0 + kw,r) (5.26)
ξ3 = lfCfk∆Fx,f − lrCrk∆Fx,r +
bf
2
(5.27)
ξ4 = Cfk∆Fx,f + Crk∆Fx,r (5.28)
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Inserted in (5.20) and (5.21) this gives the new equations:
ψ¨ =
1
Jz
(− κ
vx
ψ˙ +
ρ
vx
vy + lfCfδ − ξ1w + ξ3∆Fx + Swe) (5.29)
v˙y =
1
m
(
(−vxm+ ρ
vx
)ψ˙ − σ
vx
vy + Cfδ − ξ22 w + ξ4∆Fx + Sw
)
(5.30)
Which can be rewritten in state space form as:
(
ψ¨
v˙y
)
=
(
− κJzvx
ρ
Jzvx
−vx + ρmvx − σmvx
)(
ψ˙
vy
)
+
+
(
lfCf
Jz
ξ3
Jz
− ξ12Jz eJz
Cf
m
ξ4
m − ξ22m 1m
)
δ
∆Fx
w
Sw

(5.31)
This corresponds to:
x˙ = Ax+Bu (5.32)
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5.4.1 Validation of the Onetrack Model
In order to decide if the extended onetrack model is a valid vehicle model
a comparison was made with the test vehicle. The model was fed with
measured control signals and the model output was compared to the cor-
responding vehicle output. In addition were the actuators step responses
tested to show the performance of the active systems. It is of highest impor-
tance that the actuators are fast and accurate since the controllers in this
project deliver set point signals that are assumed to be realized immediately.
In Figure 5.6 the behaviour of the onetrack model is displayed together with
MeasuredModel
Time [s]
Y [°/s]
Set Point Measured
Set Point Measured
Measured
d    [°]SW
w  [N] 
DF [N]X
Figure 5.6: Validation of the extended onetrack model and the actuators
measurements in the actual test vehicle. Brake steering interventions are
shown in the second plot, suspension steering in the third plot and steering
wheel action in the fourth. It can be seen that the model output ψ˙ fol-
lows the measured signal during manoeuvres that include all actuators. The
conclusion is that the model is suitable for the application. The measured
brake force is calculated from pressure measurements with a linear depen-
dency. The step response is very fast and accurate. When studying the step
response for the suspension it can be seen that the actuator is slower than
the brakes but it still reaches its set point and holds it without stationary
errors.
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5.5 Side Wind Estimation
In this section, a disturbance observer, see Appendix A, for side wind es-
timation is derived. In Section 5.4, a one track model consisting of both
longitudinal and lateral forces was derived. That model will be the funda-
ment to construct a disturbance observer that can be used for side wind
estimation. The estimated disturbance will then be the input to steering,
brake and warp controllers.
Inserting (5.14)-(5.19) into (5.11) using Fy,j = Fy,j,r + Fy,j,l gives:
Fy,f = Cf
(
δ − vy + lf · ψ˙
vx
+ k∆Fx,f∆Fx
)
− w
2
cf (δf,0 + kw,f ) (5.33)
Fy,r = Cr
(
−vy − lr · ψ˙
vx
+ k∆Fx,r∆Fx
)
+
w
2
cr(δr,0 + kw,r) (5.34)
Introducing a force Sw originating from side wind, the following lateral force
equilibrium and torque equilibrium are achieved:
may = Fy,f + Fy,r + Sw (5.35)
Jzψ¨ = lfFy,f − lhFy,r + eSw + sf2 ∆Fx,f (5.36)
Equation 5.35 can be rewritten into:
Fy,f = may − Fy,r − Sw (5.37)
The next step is to put Equation 5.37 into 5.36. This yields the following
expression:
Jzψ¨ = lfmay − (lv + lh)Fy,r + (e− lf )Sw + bf2 ∆Fx,f (5.38)
Then put (5.37) equal to (5.33) and insert (5.34).
may −
(
Cr
(
−vy−lr·ψ˙vx + k∆Fx,r∆Fx
)
+ w2 cr(δr,0 + kw,r)
)
− Sw =
= Cf
(
δ − vy+lf ·ψ˙vx + k∆Fx,f
)
− w2 cf (δf,0 + kw,f )
(5.39)
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Solving this equation for vyvx and inserting it into (5.38) yields
ψ¨ = −L2CfCrJzvxσ ψ˙ −
mρ
Jzσ
ay +
LCfCr
Jzσ
δ + 1Jz (e+
ρ
σ )Sw+
+
(
LCfCr(k∆Fx,f−k∆Fx,r)
Jzσ
+ bf2Jz
)
∆Fx,f − L2Jzσ (Crcf (δf,0 + kw,f )+
+Cfcr(δr,0 + kw,r))w
(5.40)
where ρ = lrCr − lfCf , σ = Cr + Cf and Cj = Fz,jcj
Introducing the constant
a = −L
2CfCr
Jzvxσ
(5.41)
and the signals
u = − mρJzσay +
LCfCr
Jzσ
δ +
(
LCfCr(k∆Fx,f−k∆Fx,r)
Jzσ
+ sf2Jz
)
∆Fx,f
− L2Jzσ (Crcf (δf,0 + kw,f ) + Cfcr(δr,0 + kw,r))w
(5.42)
d =
1
Jz
(e+
ρ
σ
)Sw (5.43)
Equation 5.40 is rewritten to:
ψ¨ = aψ˙ + u+ d (5.44)
In order to implement a disturbance observer in a vehicle it needs to be
described in discrete form. This is done by converting the system with the
zero-order-hold method [5] yielding:
ψ˙(k + 1) = eahψ˙(k) +
∫ h
0
easds(u+ d) = eahψ˙(k) +
eah − 1
a
(u(k) + d(k))
(5.45)
An observer without the disturbance is then derived using Equation 5.45.
ˆ˙
ψ(k + 1) = eah ˆ˙ψ(k) +
eah − 1
a
u+K(ψ˙(k)− ˆ˙ψ(k)) (5.46)
The estimation error ˜˙ψ(k) = ψ˙(k)− ˆ˙ψ(k) which has the following dynamics:
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˜˙
ψ(k + 1) = (eah −K)˜˙ψ(k) + e
ah − 1
a
d(k) (5.47)
This is then solved for d(k) yielding
d(k) =
a
eah − 1
˜˙
ψ(k + 1)− (eah −K)˜˙ψ(k) (5.48)
Equation 5.48 needs to be translated one time step backwards since ψ˙(k+1)
is unknown. An estimate of the side wind disturbance in the previous time
step can now be calculated using (5.48) together with (5.43)
Sˆw(k − 1) = Jz(e+ ρσ )
(
a
eah − 1
˜˙
ψ(k)− (eah −K)˜˙ψ(k − 1)) (5.49)
Sw(k − 1) can be treated as Sw(k) when the observer has reached steady
state or when using a suﬃciently small sample time.
Performance and Robustness
The discrete transfer function between the actual side wind and the estima-
tion error can be determined using Equation 5.46 and 5.49. A state space
form with side wind as input and the estimated side wind error as output is
presented below:
 ˜˙ψ(k + 1)
˜˙
ψ(k)
 = ( eah −K 0
1 0
) ˜˙ψ(k)
˜˙
ψ(k − 1)
+ ( b eah−1a
0
)
Sw(k)
S˜w = Sw − Sˆw =
(
− a
b(eah−1)
eah−K
b
) ˜˙ψ(k)
˜˙
ψ(k − 1)
+ Sw
(5.50)
This state space description yields the following transfer function between
Sw and S˜w.
S˜w =
a
b(1−eah)z +
eah−K
b
z(z − eah +K) Sw (5.51)
This transfer function is asymptotically stable when the poles lie within the
unit circle. This criteria is fulﬁlled when |eah − K| < 1 ⇒ −1 + eah <
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K < 1+ eah which means that the error of the observed disturbance S˜w will
converge to zero under these conditions.
Sensor oﬀsets cause errors in side wind estimation. An expression for the
inﬂuence of sensor oﬀsets in steady state is obtained by rewriting Equation
5.40 into
∆Sˆw = 1eσ+ρ
(
− L2CfCrvx ∆ψ˙ +
(
LCfCr(k∆Fx,f − k∆Fx,r) + bfσ2
)
∆(∆Fx,f )
−mρ∆ay + LCfCr∆δ − L2 (Crcf (δf,0 + kw,f ) + Cfcr(δr,0 + kw,r))∆w
)
(5.52)
Figure 5.7: Side wind estimation versus side wind
output in simulation
Validation of the side wind
estimation was carried out
in simulation environment
where the estimated side
wind was compared to the
side wind output from the
reference vehicle model CAS-
CaDE. As can be seen in
Figure 5.7, the estimated
value of side wind force is
close to the force deﬁned in
the simulation environment.
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Figure 5.8: Feedforward control
with side wind observer
The disturbance estimate can be used to
construct controllers that counter act the
side wind, see Appendix A. In this sec-
tion feedforward controllers are designed
for three actuators; Active Steering, Brake
Steering and Warp Steering. Figure 5.8
shows the control circuit that the design is
based on. Consider the one track model
in Section 5.4. The general system can be
written in state space form together with
three control signals and one load distur-
bance:
[
ψ¨
v˙y
]
=
[
a11 a12
a21 a22
] [
ψ˙
vy
]
+
[
b11 b12 b13 l1
b21 b22 b23 l2
]
δ
w
∆Fx,f
Sw

y = ψ˙
(5.53)
this linear system has the following transfer function
ψ˙ = b11(s−a22)+b21a12(s−a11)(s−a22)−a12a21 δ +
b12(s−a22)+b22a12
(s−a11)(s−a22)−a12a21w+
+ b13(s−a22)+b23a12(s−a11)(s−a22)−a12a21∆Fx,f +
l1(s−a22)+l2a12
(s−a11)(s−a22)−a12a21Sw
(5.54)
The idea is to eliminate the disturbance which means that 5.54 shall be equal
to zero during the calculation. Assuming that only one control signal will
be used at a time, the feedforward transfer functions can be determined for
each actuator.
δ = − l1(s− a22) + l2a12
b11(s− a22) + b21a12)Sw (5.55)
w = − l1(s− a22) + l2a12
b12(s− a22) + b22a12)Sw (5.56)
∆Fx,f = − l1(s− a22) + l2a12
b13(s− a22) + b23a12)Sw (5.57)
With the model parameters taken from Section 5.4 and 5.5, they may be
rewritten into:
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δ = − es+
σ+ρ
mvx
lfCfs+
lfCfL
mvx
Sw (5.58)
w =
es+ σ+ρmvx
ξ1
2 s+
L(cfCr(δf,0+kw,f )+crCf (δr,0+kw,r))
2mvx
Sw (5.59)
∆Fx,f = −
es+ σ+ρmvx
ξ3s+
CfCrL(k∆Fx,f−k∆Fx,r)+
bf
2
σ
mvx
Sw (5.60)
The control signals in the feedforward controllers are set points for the vehicle
actuators. In order to achieve a good result, the actuators must be fast and
accurate i.e. no stationary errors are tolerated since they will be transmitted
into the controller if the set points are used as inputs to the observer. When
steady state is reached, these controllers will, in the optimal case, eliminate
the side wind disturbance completely. Special for the warp and brake con-
troller is that, when driving straight with constant velocity, they are robust
against parameter errors in k∆Fx,f and kw,f respectively. Parameter errors
will, however, cause a side wind estimate that deviates from the real one
that is acting on the vehicle.
5.7 Simulation Results
5.7.1 Method
The simulations were carried out in Matlab/Simulink. CASCaDE, see sec-
tion 1.3, acted as the vehicle. The active steering system that was used in this
evaluation was modelled with the dynamics between the steering wheel and
the wheel. It is assumed that the driver's intended driving path is straight
which makes it easier to distinguish the estimated disturbance as side wind
since the impact of parameter errors is smaller. The velocity was controlled
by a PI controller. In order to measure the impact of side wind and the
controllers, the yaw rate ψ˙ was considered together with the longitudinal
acceleration ax and the control signals for each actuator respectively. These
signals gives a good picture of the vehicle behavior. The uncontrolled vehicle
is referred to as REF , Brake steering is called BS, Warp steering WS and
Active Steering AS.
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5.7.2 Actuator Comparison
The experiments started by evaluating each actuator independently under
diﬀerent circumstances in terms of wind velocity and vehicle velocity. In the
ﬁrst test the wind speed was set to 15 m/s which corresponds to approxi-
mately 50 km/h.
ASBS WSREF
Time [s]
Ψ [°/s]
a [m/s²]x
Control
Signal
δsw [°]
w    [N*10²]
∆Fx [N*10²]
Figure 5.9: Actuator comparison with vehicle velocity 120 km/h and wind velocity
15 m/s
Figure 5.9 clearly shows the eﬀectiveness of active steering control and brake
steering control which both eliminated vehicle rotation in less than 0.5 sec-
onds. The warp controller can only reduce the impact slightly since it satu-
rates. Brake steering induces a small negative acceleration which the velocity
controller compensates for with a satisfying result.
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The second test was carried out under rougher conditions with a wind speed
of 25 m/s. When considering ψ˙ in Figure 5.10 both active steering and brake
ASBS WSREF
Time [s]
Ψ [°/s]
a [m/s²]x
Control
Signal
δsw [°]
w    [N*10²]
∆Fx [N*10²]
Figure 5.10: Actuator comparison with vehicle velocity 120 km/h and wind veloc-
ity 25 m/s
steering eliminated the rotation, but the engine could not provide enough
drive torque to compensate the negative longitudinal forces from brake steer-
ing. This caused negative acceleration during the side wind inﬂuence followed
by positive acceleration after the exposure.
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The last test was done to investigate the inﬂuence of side wind under higher
velocities. Therefore the velocity was raised to 160 km/h. When comparing
ASBS WSREF
Time [s]
Ψ [°/s]
a [m/s²]x
Control
Signal
δsw [°]
w    [N*10²]
∆Fx [N*10²]
Figure 5.11: Actuator comparison with vehicle velocity 160 km/h and wind veloc-
ity 15 m/s
the uncontrolled vehicles behaviour in ﬁgure 5.10 and 5.11 it is fairly similar.
This also applies for the controlled vehicles behaviour.
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5.7.3 Simultaneous Actuator Interference
If a vehicle is equipped with more than one of these actuators it is possible
to superpose the controllers. The method considered in this report is to
use one actuator up to a speciﬁed threshold where the second actuator will
be activated. When the second actuator output has reached a certain level
the third actuator will be switched on. With this method it is possible
to customize the coordinated controller with a starting point in comfort,
eﬀectiveness etc. depending on where the priority lies. It is also possible to
control a large disturbance where each actuator, acting on its own, would be
saturated before a satisfying result was achieved.
The order in which the actuators are switched on is as follows:
1. Warp when |Sw| > 0
2. BS when |w| has reached 6000 N
3. AS when |∆Fx| has reached 1500 N
The disturbance input signal is diﬀerent for all controllers. The warp con-
troller gets the original disturbance while the brake controller gets the orig-
inal disturbance minus the part that warp manages to take out. At the end
the steering controller gets the part of the disturbance that warp and brake
steering have not been able to compensate for.
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The results from the simulations are presented below in Figure 5.12 to 5.14.In
Figure 5.12 the coordinated controller was used under the same circum-
stances as the controllers in Figure 5.9.
BS+AS+WSREF
Time [s]
Ψ [°/s]
a [m/s²]x
Control
Signal
δsw [°]
w    [N*10²]
∆Fx [N*10²]
Figure 5.12: Coordinated controller performance with vehicle velocity 120 km/h
and wind velocity 15 m/s
The vehicle rotation is eliminated very fast and accurate. When studying
the control signals it can be seen that almost no steering action is needed
under these circumstances. The initial deceleration is slightly smaller than
in the case with brake control. The deceleration can be reduced further by
changing the threshold for maximum brake force. This will, however, result
in a larger steering intervention.
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The second test of the coordinated control strategy was performed with a
side wind of 25 m/s, see Figure 5.13.
BS+AS+WSREF
Time [s]
Ψ [°/s]
a [m/s²]x
Control
Signal
δsw [°]
w    [N*10²]
∆Fx [N*10²]
Figure 5.13: Coordinated controller performance with vehicle velocity 120 km/h
and wind velocity 25 m/s
Since the magnitude of the maximum brake force was the same in all cases
the result in terms of longitudinal acceleration was expected to be equal to
the previous experiment. This was not the case, but when studying the un-
controlled vehicle, REF , it can be seen that the acceleration has changed
there as well compared to the previous setup. This means that there is a
dependency between the magnitude of side wind and the longitudinal accel-
eration.
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In the last test the vehicle velocity was increased to 160 km/h. Figure 5.14
shows the results from that simulation.
BS+AS+WSREF
Time [s]
Ψ [°/s]
a [m/s²]x
Control
Signal
δsw [°]
w    [N*10²]
∆Fx [N*10²]
Figure 5.14: Coordinated controller performance with vehicle velocity 160 km/h
and wind velocity 15 m/s
As can be seen in the plot, the longitudinal acceleration is smaller than in
the previous case.
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5.8 Results on the Test Track
On one of DaimlerChrysler's test tracks in Stuttgart it is possible to run
tests with side wind. Side wind is created by a couple of large fans which
together generate a wind velocity of up to 80 km/h. Test results are of great
interest when evaluating a control strategy. It is not only measurements
that tells if the control strategy is appropriate or not, it is also the driver
experience. The control strategy that was implemented in the vehicle was
the brake steering system, an approach that was developed in this Master's
Project.
BSREF
Time [s]
Y [°/s]
a [m/s²]
Control
Signal
DFx [N*10²]
x
Figure 5.15: Results from test with brake steering control at 120 km/h
When studying Figure 5.15 it can be seen that the controller manages to
compensate for the side wind disturbance at a cost of a slight deceleration.
This test was carried out without velocity control. If a velocity controller is
constructed with a feedforward system that controls the drive torque on the
rear axle it is theoretically possible to keep the total longitudinal force at
zero during the manoeuvre. It is, however, likely that a small deceleration
occurs in the initial phase since it takes longer time to apply drive torque
than brake torque with today's systems.
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5.9 Discussion
The parameters of the model varies with the number of passengers in the
vehicle and their position. This is not taken into consideration in the con-
struction of the model. It is aﬀecting the magnitude of the disturbance
estimate but, when driving straight, not necessarily the outcome in terms
of vehicle rotation. There were several diﬀerent passenger constellations in-
volved during the test drives and the subjective judgement was that the
vehicle behaved predictable and that the control strategy was suitable for
the task.
In the simulations an arbitrary steering system was used. The results for
active steering on the test track might therefore diﬀer depending on the
choice of actuator in the test vehicle, but since today's steering systems are
both fast and accurate it will not deviate much. The outcome of suspension
steering through warp diﬀers more. The eﬀect is larger in the real vehicle
compared to the eﬀect in the vehicle model CASCaDE. This is since some
eﬀects are not yet implemented in CASCaDE. The direction in which the
vehicle is turning is, however, correct.
The coordinated controller was designed with an approach where suspension
steering is used for minor disturbances. The support of brake and/or active
steering is added if the disturbance is larger. The result is a comfort oriented
strategy with the advantage that only the suspension is used during small
disturbances, an active system that already runs at all times due to its
other functions. There are, however, other ways of designing a coordinated
controller.
Warp steering and active steering were already tested with similar control
strategies in other projects, but the results were left out in the test track part
of the thesis. This is since the controllers were running in diﬀerent kinds of
vehicles which makes it hard to compare the inﬂuence in a fair way.
5.10 Conclusions
The controller, consisting of a disturbance observer and a feedforward gain,
has been proven suitable for all actuators and under diﬀerent driving cir-
cumstances. It is also ideal for coordinated control since it is possible to
distribute the estimated disturbance over several actuators resulting in dis-
turbance elimination.
Regarding the actuators; Both active steering and active brakes have been
proven very eﬀective in these simulations. A more extensive evaluation is
needed in order to decide which system is the most suitable for production
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vehicles. The controller uses the ESP sensors to measure ψ˙ and ay which
indirectly means that the controller will be used in cars equipped with ESP.
The advantage of brake steering is then that the hardware already is included
in the ESP system which uses dissimilar braking for yaw control. It shall also
be kept in mind that an arbitrary steering system was used in the simulations,
in the real vehicle will for example the EPS actuator turn the steering wheel
which might be uncomfortable or disturbing for some drivers.
Chapter 6
µ− split Braking
6.1 Introduction
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Figure 6.1: Picture of µ-split
road
A typical driving situation during winter is
braking with dissimilar friction between the
left and the right side of the vehicle. For ex-
ample these circumstances may occur when
braking on a road with bare ground in the
middle of the road and snow along the side.
This condition is called µ − split braking
where µ − split is deﬁned as the diﬀerence
between the high- and the low friction coef-
ﬁcient i.e. ∆µ. The result is a disparity in
brake forces between the left and the right
wheels which creates a yaw torque around
the altitude axis making the car turn to the
high friction side of the road. Due to the
yaw acceleration induced, the driver must
interfere and counter steer in order to keep
the stability of the vehicle. The situation
can quickly become out of control if the
driver does not react properly. The cur-
rent ESP system contains an algorithm that
recognizes this situation and reduces the brake pressure on the high friction
side giving the driver longer time to react. The increase in stability is on
the expense of a longer stopping distance. The conﬂict between vehicle sta-
bility and stopping distance could, however, be solved by interaction of the
existing ESP system and other active control systems in the vehicle. This
chapter will investigate and discuss how to use the active chassis systems in
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order to support the driver during this manoeuvre.
6.2 Basics of µ− split braking
?
???
?
????
??
?
?
?
?
?
???
?
???
?
???
?
???
?
? ?
?
?
?
?
?
?
?
?
?
?
?
Figure 6.2: Vehicle be-
havior during µ − split
braking
This section presents an approach to explaining how
the forces are built up during µ-split braking. All
calculations are made during steady state and un-
der the assumption of small angles. Consider Fig-
ure 6.2. The vehicle is placed in the environment
so that the velocity direction is the same as the
X-direction. As a consequence of the steady state
approach the acceleration aY , as well as the turning
motion ψ¨, ψ˙ are zero which means that the following
applies:
Mz = FY,1(lf +
bf
2 β) + FY,2(lf −
bf
2 β)
−FY,3(lr − br2 β)− FY,4(lrcos+ br2 β)
−FX,1( bf2 − lfβ) + FX,2(
bf
2 + lfβ)
−FX,3( br2 + lrβ) + FX,4( br2 − lrβ) = 0
(6.1)
ΣFY,i = 0 (6.2)
ΣFX,i < 0 (6.3)
In order to describe how the forces are built up during the ∆µ manoeuvre,
Chapter 2 needs to be revisited. Expressions for the lateral and longitudinal
forces in wheel velocity coordinates, which in this case are parallel to the
earth ﬁxed coordinates, are given in Equation 2.15 and 2.16 respectively.
The expressions are extended by inserting Equation 2.8, the approximation
λ = λl and (2.13) to become:
FX,i = Fl,i = µlFz = µ
λl
λ
Fz =
(
c1(1− e−c2λl)− c3λl
)
Fz,i (6.4)
FY,i = Fs,i = µsFz = µks
λs
λ
Fz =
(
c1(1− e−c2λl)− c3λl
)
ks
1 + λl
λl
αiFz,i
(6.5)
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The constants in the force descriptions might diﬀer depending on the position
of the wheel but that is neglected here. Hence all tire forces are constructed
with the same functions.
The ABS system, see Section 3.1 controls the longitudinal wheel slip in the
wheel coordinate system. In this project a constant set point λref is given to
the system. It is assumed that the ABS system reaches its set point and holds
it throughout the braking manoeuvre yielding λl = λrefcos(α) ≈ λref < 0.
Under these conditions Equation 6.4 and 6.5 can be written as:
FX,i = CX,iFz,i (6.6)
FY,i = CY,iαiFz,i (6.7)
where CY,i > 0 and CX,i < 0. Note that the constant CY is not the same as
Cy or cy which were used in the previous sections under other circumstances.
The expressions for αi are taken from Equation 2.6 and simpliﬁed, under the
assumption that β is small and that ψ˙ = 0, to become α1 = α2 = δ − β and
α3 = α4 = −β. An approximation of β and δ in steady state can now be
calculated using Equation 6.1 and 6.2. In order to simplify the calculations,
forces on the low µ side are neglected and in addition are the moment arms
chosen such that bf = br = b and lf = lr = L2 .
Mz = CY Fz,2(δ − β)(L2 − b2β)
−CY Fz,4(−β)(L2 + b2β)
+CXFz,2( b2 +
L
2 β)
+CXFz,4( b2 − L2 β) = 0
(6.8)
ΣFY,i = CY Fz,2(δ − β) + CY Fz,4(−β) (6.9)
Solving Equation 6.9 for δ yields:
δ =
β(Fz,2 + Fz,4)
Fz,2
(6.10)
which inserted in Equation 6.8 gives:
Mz = 2CY Fz,4β
L
2
+CXFz,2
b
2
+CXFz,2
L
2
β+CXFz,4
b
2
−CXFz,2L2 β (6.11)
By putting Mz = 0 and solving it for β the following expression is achieved:
β =
−CX b2(Fz,2 + Fz,4)
CY Fz,4L+ CX L2 (Fz,2 − Fz,4)
(6.12)
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This expression is then inserted into (6.10) which yields the required steering
angle:
δ =
−CXb(Fz,2 + Fz,4)2
Fz,2L(CY Fz,4 + CX 12(Fz,2 − Fz,4))
(6.13)
Since the parameters CY and CX are unknown, a heuristic approach is used
to determine the sign of the denominator. Once again consider Figure 6.2.
In order to achieve force equilibrium during the manoeuvre, a negative force
needs to act on the rear wheel. Since CY and Fz are positive, α = −β must be
negative, see Equation 6.7. This in turn means that β is positive which leads
to the conclusion that the denominator of Equation 6.12 is positive since the
numerator is positive (CX < 0). The same applies for the denominator in
Equation 6.13 since it is the same except for a positive scaling factor Fz,2.
This knowledge is used in the next section when explaining the eﬀect of the
active suspension.
The expressions for β and δ were calculated under a number of simpliﬁcations
but they give a hint of how the vehicle behaviour depends on wheel load and
tire characteristics etc.
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6.3 Applicable Actuators to Support the Driver
Active Brakes
Modern cars often use an extended ABS system which in addition to the
control loop described in Section 3.1 has a feature which helps the driver
to control the vehicle during a ∆µ manoeuver. The system contains two
additional parts where the ﬁrst one is called GMA. Its primary function is
to give the driver time to react and counter steer the yaw movement induced
by the brake force diﬀerence. The second part prevents the stationary brake
torque diﬀerence from becoming too large, this system is called Select-Low.
The GMA and Select-Low are activated when the estimated friction coef-
ﬁcients diﬀers from each other. The GMA works as a rate limiter for the
driver's intended brake torque on the high µ side of the vehicle which means
that the yaw torque gradually increases until it has reached its ﬁnal value.
The ﬁnal value is changed by the Select-Low which decreases the set-point
value of the slip yielding a smaller brake torque and higher side forces from
steering. The gain in steering control results, however, in a longer stopping
distance, since the vehicle is not braking at its maximum and it is therefore
interesting to ﬁnd alternative ways to control the vehicle steer ability.
Active Steering
An active steering system, see Section 3.2 can be used to apply a fast and
accurate steering angle as a reaction to the yaw torque induced by the brake
forces. With the support from AS it is theoretically possible to compensate
the impact of the brake torque diﬀerence which means that higher brake
forces can be used resulting in a shorter stopping distance.
Active Suspension
It is also of interest to study if the suspension can be used to aﬀect the
vehicle behaviour during ∆µ-braking. The impact on the behavior through
the force translation needs to be investigated. Consider once again Equation
6.12 and 6.13. In order to show the eﬀect, the wheel loads are extended
with a warp term. As can be seen in Section 3.3 the wheel load diﬀerence is
distributed equally over the wheels.
Fz,1,w = Fz,1+
w
4
Fz,2,w = Fz,2− w4 Fz,3,w = Fz,3−
w
4
Fz,4,w = Fz,4+
w
4
(6.14)
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The new equations for β and δ becomes:
β =
−CXb(Fz,2 + Fz,4)
CY Fz,4L+ CX(Fz,2lf − Fz,4lr) + w4 (CY − CX)L
(6.15)
and
δ = −CXb(Fz,2+Fz,4)
2
Fz,2(CY Fz,4L+CX(Fz,2lf−Fz,4lr))+w216 (CX−CY )L−w4 (2Fz,2lf+(Fz,2−Fz,4)lr)
(6.16)
It was previously shown that the denominator of β is positive when w = 0.
Since (CY − CX)L > 0 it is easy to see that β will decrease for an increase
in w. The limit of the applied warp depends on both the construction of the
suspension system, which can be saturated, as well as on the physical limit
|w4 | ≤ min(Fz,i).
The expression for δ when w = 0 also has a positive denominator which
means that in order to minimize δ the maximum of the function w
2
16 (CX −
CY )L− w4 (2Fz,2lf + (Fz,2 − Fz,4)lr) needs to be calculated. By putting the
derivative with respect to w equal to zero and solving it for w, Equation 6.17
is obtained.
w =
−CX(2Fz,2lf + (Fz,2 − Fz,4)lr))
2L(CY − CX) (6.17)
Which yields a maximum since w
2
16 (CX−CY )L− w4 (2Fz,2lf+(Fz,2−Fz,4)lr) is
convex. The sign of the applied warp that maximizes the function is positive
since CY > 0 and CX < 0. The size given in N is however not determined
since the sizes of CX and CY are unknown.
6.4 Disturbance Observer for µ− split braking
There are several approaches to control the steering angle during∆µ-braking.
In this project focus is once again on the disturbance observer with feed-
forward control, a control strategy which already has proven its eﬃciency
under side wind disturbances.
In this case the one track model will not be tuned to match the vehicle
behaviour under full brake and with diﬀerences in adhesion between the tires,
since this is not a desired behaviour of the vehicle. The model will instead
be tuned under normal driving conditions to act as a reference, hence the
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detected disturbance is a function of parameter errors, and also of the brake
torque diﬀerence ∆Fx.
This section describes how to make a steering controller for an arbitrary
disturbance. Under the assumption that all disturbances are included in d
and that the eﬀect of warp steering can be neglected, Equation 5.40 can be
rewritten as:
ψ¨ = −L
2CfCr
Jzvxσ
ψ˙ − mρ
Jzσ
ay +
LCfCr
Jzσ
δ + d (6.18)
This expression is derived with tire side stiﬀness parameters Cf and Cr
adapted under non-critical driving conditions. The correction terms needed
under braking is included, together with the impact of ∆Fx, in d. This
means that the model will not react on the control signals as the actual
vehicle when braking but it will maintain steerability during the manoeuvre.
The system is then sampled with the zero-order-hold method
ψ˙(k + 1) = eahψ˙(k) +
∫ h
0
easds(u+ d) = eahψ˙(k) +
eah − 1
a
(u(k) + d(k))
(6.19)
where
a = −L
2CfCr
Jzvxσ
(6.20)
and
u(k) = − mρJzσay(k) +
LCfCr
Jzσ
δ(k) (6.21)
An observer is then derived using Equation 6.19. The error d(k) is left out
which yields:
ˆ˙
ψ(k + 1) = eah ˆ˙ψ(k) +
eah − 1
a
u+K(ψ˙(k)− ˆ˙ψ(k)) (6.22)
The observer dynamics are described below in Equation 6.23.
˜˙
ψ(k + 1) = (eah −K)˜˙ψ(k) + e
ah − 1
a
d(k) (6.23)
Solving the equation for d(k) gives the expression
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d(k) =
a
eah − 1(
˜˙
ψ(k + 1)− (eah −K)˜˙ψ(k)) (6.24)
which needs to be translated one time step backwards since there is no
information on ˜˙ψ(k + 1).
The feedforward gain is calculated with the same method as in the previous
application. As in Section 5.6 the control signal will compensate the distur-
bance completely in the optimal case. Note that active steering is the only
system that is controlled by feedforward in this case while the brakes are
controlled by the ABS system and warp is independently controlled.
6.5 Simulation Results
6.5.1 Method
The evaluation was carried out in Simulation using the CASCaDE environ-
ment, see Section 1.3. GMA was applied with a rate limiter at the ABS
brake torque set point belonging to the high µ side of the vehicle. The result
is a slower build-up of brake pressure which decreases yaw acceleration in the
beginning of the manoeuvre. The implementation of Select-Low was carried
out as a scaling of the slip set point λl,ref . In order to keep the vehicle head-
ing straight, the steering controller has been used in all simulations. GMA
and Select Low were tuned until the active steering interference matched the
counter steering action of a driver i.e. moderate steering angels and time to
apply the steering angle. The ABS slip set point was tuned during braking
on dry ground. The stopping distance from 100km/h was 36.7 meters which
is considered a good result. When warp is applied, the maximum value is
used in order to aﬀect the vehicle side slip angle β as much as possible.
6.5.2 Comparison on Snow-Asphalt
The ﬁrst situation simulated was when braking on a road with snow on one
side and asphalt on the other which corresponds to ∆µ = 0.6. The system
is oscillating for small velocities which can be seen in all signals in Figure
6.3 to 6.6. β becomes very large when vx is close to zero.
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GMA and Select Low
Figure 6.3: GMA+SL
Figure 6.3 shows the most
important signals of vehicle
stability. It can be seen that,
in accordance with the the-
ory, the vehicle side slip an-
gle β was built up, which
is necessary in order to cre-
ate side forces on the rear
wheels. The yaw rate had a
small peak and was then sta-
bilized around zero within
two seconds. The magni-
tude and slope of the steer-
ing action were moderate
and the situation can proba-
bly be mastered by a driver
with average driving skills.
Active Steering
Figure 6.4: AS
The result from simulations
without GMA/Select Low
are shown in Figure 6.4. Ini-
tially there was a big peak
in yaw rate but the active
steering managed to avoid
the vehicle from spinning
and kept the yaw rate within
±3 degrees throughout the
manoeuvre. The steering
angle needed was about 90
degrees and β was around 3
degrees.
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Active Steering and Positve
Warp
Figure 6.5: AS+PW
Consider Figure 6.5. The
reason to apply warp un-
der ∆µ-braking was to re-
duce the side slip and steer-
ing angle. A slight change
can be seen where β has de-
creased by approximately 1
degree and the steering an-
gle by 10 degrees. In addi-
tion to this, the yaw rate was
kept closer to zero. Together
these results show a safer
and more comfortable brak-
ing compared to the previ-
ous case.
Active Steering and Neg-
ative Warp
Figure 6.6: AS+NW
Negative warp was applied
to investigate if the eﬀect on
β and steering angle was the
opposite compared to the
previous case. The signals in
Figure 6.6 shows that both
the side slip and the steering
angle have increased. The
behaviour of the vehicle in
terms of yaw rate is very
much like that in the case
without warp.
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Comparison in Brake
Performance
Figure 6.7: Stopping Distance on µ-split = 0.6
The diﬀerence in brake per-
formance is displayed in Fig-
ure 6.7. It is clear that re-
ducing the total brake force
as in the GMA/SL case has
an impact on the stopping
distance. This means that
under current road condi-
tions a diﬀerence of about 10
meters compared to the AS
cases. When looking at the
setups with AS there is a no-
ticeable increase in stopping
distance when using nega-
tive warp. AS and AS+PW
have almost the same stop-
ping distance with a small advantage for the case with positive warp.
Lane Keeping Performance
Figure 6.8: Lateral deviation on µ-split = 0.6
The results are almost iden-
tical regarding the lateral
deviation in the simulations.
The lateral translation is
within 0.25 meters which
must be considered a good
result under these condi-
tions.
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Longitudinal and Vertical Forces
The forces that are shown in Figure 6.9 are mean values from the simulations.
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Figure 6.9: Steady state forces for Snow-Asphalt braking
In accordance with the result in stopping distances the total brake forces are
approximately the same when comparing AS and AS+PW.
6.5.3 Comparison on Ice-Asphalt
The second situation simulated was when braking on a road with ice on one
side and asphalt on the other which corresponds to ∆µ = 0.9.
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GMA and Select Low
Figure 6.10: GMA+SL
Figure 6.10 shows the result
from the GMA+SL strategy.
The sizes of the signals are
similar to those in the corre-
sponding snow-asphalt sim-
ulation. There is however a
diﬀerence regarding the sta-
bility of the signals and that
might depend on the small
tire slip set points on the
high µ side of the vehicle.
The small reference values
are easier to control for the
ABS system since they are
far away from the nonlinear
region.
Active Steering
Figure 6.11: AS
When GMA and SL were
deactivated the following re-
sult was achieved, see Fig-
ure 6.11. The initial peak
of the yaw-rate was very
large but the active steering
system managed to counter
steer and control the turning
motion. This required, how-
ever, a fast interference and
a large steering angle which
might be hard to achieve
with some steering systems.
The steering angle and vehi-
cle side slip angle stabilizes
around 175◦ and 6◦ respec-
tively.
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Active Steering and Positive Warp
Figure 6.12: AS+PW
Figure 6.12 shows the re-
sults in the setup with active
steering and positive warp.
When comparing the signals
in this simulation with the
previous a major diﬀerence
is observed regarding both
β and δ. The side slip has
decreased by approximately
2◦ and δ by 20◦. The ini-
tial peak in steering angle is
even smaller which is good
for the steering system and
the safety in general.
Active Steering and Neg-
ative Warp
Figure 6.13: AS+NW
Figure 6.13 shows the re-
sults in the setup with active
steering and negative warp.
The wheel load on the rear
axle is here translated to
the low µ wheel. According
to Equation 6.15 this yields
an increase in β in order
to reach steady state. The
result under these extreme
circumstances was a turning
motion that was not com-
pensated by the side forces
before all wheels were on
the low µ surface. With
all wheels on the ice, steady
state was reached but the
deceleration and the eﬀect
from steering was very poor due to the lack of traction. It will therefore
not be considered in the discussion of brake performance below.
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Comparison in Brake Performance
Figure 6.14: Stopping Distance on µ-split = 0.9
When comparing the con-
trol strategies from a brake
performance point of view
it is clear that under these
extreme conditions a sys-
tem conﬁgured without ac-
tive steering will be at a
disadvantage. In order
to give the driver support
to control the braking a
vast interference from the
active brake systems was
needed. This reﬂects in the
stopping distance which is
about 60 meters longer in
the GMA/Select Low case.
There is also a diﬀerence between AS and AS+Warp. The warp setup does
not only have a stabilizing eﬀect on the vehicle, it has in addition a signiﬁcant
inﬂuence on the braking distance.
Lane Keeping Performance
Figure 6.15: Lateral deviation on µ-split = 0.9
The lateral deviation is
shown in Figure 6.15. The
vehicle stays within 0.5 me-
ters in all simulations. In
the AS+PW case an addi-
tional steering wheel angle
of 4◦ was added in order to
keep it on the track.
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Longitudinal and Vertical Forces
The forces in the case with negative warp are not shown in Figure 6.16 since
the vehicle left the test track.
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Figure 6.16: Steady state forces for Ice-Asphalt braking
6.6 Discussion
The set point of the tire slip values are set to a constant value. When
comparing the set point with the simulation output it has been concluded
that the ABS system manages to control tire slip in all experiments, but since
the results are from simulations this is not necessarily the case in the real
vehicle where other eﬀects might occur due to model errors. For example,
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changes in wheel load might have additional inﬂuences on both the ABS
system's control performance as well as steering angle changes. This needs
to be investigated further.
In the setup with AS+PW on Ice-Asphalt an additional steering wheel input
of 4◦ was added. This was needed due to the controller that managed to
eliminate the rotation with a smaller over shoot than in the other cases. This
means that the vehicle is heading in a direction corresponding to
∫
ψ˙ = ψ < 0
which was corrected by driver intervention. An alternative strategy to avoid
this problem would have been to control the yaw angle instead of the yaw
rate but that signal is not directly measured in the vehicle.
The results from the experiments are consistent. It has been seen that the
magnitude of the counter steering angle increases when ∆µ increases. Fur-
thermore, the eﬀect of warp is larger for higher friction diﬀerences. Positive
warp yields an increase in stability while negative warp gives the opposite
result.
The gain in stopping distance when using positive warp can not be seen in
the tire force model used for calculations. In order to investigate the eﬀect
another model needs to be considered.
Since the magnitude of the stabilizing steering wheel angle can be very large,
a steering actuator that does not turn the steering wheel is preferable. When
using such a system the driver does not have to change the steering wheel
grip. This makes it easier for the driver to apply additional steering angles
for lane keeping etc.
6.7 Conclusions
The results show a clear gain in brake performance achieved by an active
steering system that can compensate for a high brake force diﬀerence, they
also show the stabilizing eﬀects of positive warp which is in accordance with
the hypothesis. What was not expected is the eﬀect that AS+PW has on the
stopping distance. With an advantage of almost 3 meters compared to AS
on ∆µ = 0.9 it implies that warp can be used for stabilization and stopping
distance reduction simultaneously. This needs, however, to be investigated
further.
The steering control system, a disturbance observer and a feedforward gain,
has been proven applicable also for this manoeuvre. Its simplicity and versa-
tility together with its accuracy and rapidness makes it a very good concept
for vehicle dynamics control.
Chapter 7
Global Control Concept
This chapter presents a concept for global control of the vehicle. Focus is
on making an architecture that includes the previously derived controllers
in Chapter 5 and 6, but the idea is that it shall be possible to extend the
concept by introducing new controllers for other circumstances. Since there
are many ways of creating such a system and that the design of a fully
functioning system is out of the scope for this thesis, this section is discussing
a solution implicitly.
7.1 Concept Design
The architecture of a global control system may consist of subdomains as in
the proposal shown in Figure 7.1. It is possible to use the previously derived
disturbance observers for both situations. With this approach, the control
signals will be distributed over the active systems based on measured signals
that is present in the vehicle. This is necessary since the disturbance ob-
servers will interpret the actuator interference in diﬀerent ways. One exam-
ple is when braking on µ-split. The µ-split observer will detect a disturbance
in brake force while the side wind observer will see it as brake steering which
is not considered a disturbance in the side wind control system.
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Figure 7.1: Scheme of the control architecture
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7.2 Criteria
It can be concluded that both systems should not be active simultaneously
since they interfere with each other. The ﬁrst step is therefore to set up
criteria for when the controllers shall be activated or deactivated. One start-
ing point is to let the side wind controller run as default and then switch
to µ-split control when having a certain deceleration or when the driver's
desired brake force is above a speciﬁc level.
The criteria on when and how the actuators should interfere are, of course,
depending on the systems that are present in the vehicle. If the vehicle has
an active suspension one idea is to use the coordinated strategy, see Section
5.7, for side wind. This controller will, for small disturbances, only use warp
which is part of the active suspension that always runs as opposed to active
brakes. If needed, an additional actuator can be switched on when warp
saturates. If the vehicle only is equipped with active brakes, the solution
would be to set a threshold value for the estimated disturbance to keep the
vehicle from braking for the smallest disturbances. This threshold needs to
be set so that normal driving does not create signals that cause the brakes
to intervene.
When the driver pushes the brake pedal the desired brake force is calcu-
lated. If it is higher than a predetermined level, the side wind controller can
be taken out of action and be replaced by the µ − split system. Depend-
ing on whether the vehicle has active steering or not, two starting points
need to be considered. With an eﬀective active steering system it is possi-
ble to brake without GMA/SL or maybe use a fast GMA that just keeps
the initial yaw rate at a moderate level. This yields large improvements in
braking performance compared to existing systems on the market. Without
active steering, the GMA/SL will be used as in todays production cars and
a disturbance observer is then not necessary since there already exists other
systems to detect µ−split. According to the results in the previous chapter,
active suspension shall be used if available. It aﬀects the stability and it
might be possible to increase the brake pressure slightly, with maintained
controllability, even in the case without active steering.
Chapter 8
Outlook
8.1 Conclusions
A linear onetrack model was derived with three control signals and one dis-
turbance. The control signals were steering angle, brake force diﬀerence
between the left and the right side of the vehicle and suspension steering.
The eﬀect of brake force diﬀerence was investigated and a suitable model of
the inﬂuence it has on the vehicle behavior was derived. A previously pre-
sented onetrack model with steering angle and suspension steering as inputs
was considered and successfully extended by including brake steering.
In the side wind situation a disturbance observer based on the extended
onetrack model was constructed and used together with feedforward control
to eliminate the impact of the disturbance. Brake, suspension and active
steering were compared separately in order to evaluate each systems advan-
tages and disadvantages regarding comfort and eﬃciency. A control strategy
where the actuators were superposed to each other was derived in order to
show the possibility of integrated control. The brake steering control strat-
egy was then implemented in a test vehicle and benchmarked with satisfying
results.
In the µ − split situation the disturbance observer was reduced to only in-
clude steering angle as input signal. The disturbance in this case consisted
of two parts. The ﬁrst part was the uneven brake forces that appear when
braking on a ground with diﬀerent friction between the left and the right
side of the vehicle. The second part was parameter dependent since the one-
track model acts with a reference behavior which means that the parameters
are adapted under ideal driving circumstances. In addition to this was the
impact of normal force translation investigated analytically and then tested
in simulation which gave promising results including increased stability and
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a possible decrease in stopping distance.
8.2 Future Work
In the side wind case, alternative coordination strategies can be tested and
compared to that presented in this project. A profound study of the ac-
tuator's own controllers, e.g. the control loop of ABS, needs to be done.
This might reveal negative interference such as a shared resonance frequency
which causes extensive oscillations under certain conditions.
The µ − split controller needs to be evaluated on the test track. It is of
interest to develop methods to tune the controller in such a way that GMA
and AS together assure a moderate yaw rate in the initial phase of the brake
manoeuvre. An extended study of the strategy where warp is added during
µ − split braking is also an interesting topic. Is the stopping distance a
function of warp? Is it possible to ﬁnd explicit values of warp that minimize
the counter steering angles under diﬀerent circumstances?
Regarding global control; Systems that are constructed for test vehicles with
certain actuator constellations need to be designed and evaluated. It is
possible to introduce other active systems such as a drive torque distribution
system which can be added in future coordination controllers.
Appendix A
Control Theory
In the following chapter methods for dynamic system analysis and control
are presented.
A.1 Dynamical System Representation
A general autonomous dynamical system can be represented by a set of
diﬀerential equations on the form
x˙ = f(x, t) (A.1)
where x is an n × 1 state vector and f is an n × 1 vector function. The
solution x(t) corresponds to a curve in state space which is called the system
trajectory.
A special class of dynamical systems are the linear time invariant systems.
They can be described in the following manner which is called state-space
form
x˙ = Ax (A.2)
where A is an n × n matrix. The system is stable if the eigenvalues of A
have a real part that is less than zero. In this case the system will converge
to x = 0 for all initial conditions.
In order to control the system, additional signals need to be added to the
representation. Together with an input signal vector u and an output signal
vector y the following state-space form is used:
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x˙ = Ax+Bu
y = Cx+Du
(A.3)
where u is an m× 1 vector, B is an n×m matrix, C is an r×n matrix and
D is an r×m matrix. By Laplace transforming the system a representation
that describes the dependency between the output and input signal can be
derived. This representation is called tranfer function and it is calculated as
follows:
y = (C(sI−A)−1B+D)u (A.4)
A.2 Feedforward Control
There are several situations where disturbances are acting on the vehicle.
These disturbances can be compensated for by diﬀerent control strategies.
In this project focus is on feedforward control. The feedforward control is
constructed under assumption that the disturbance is known.
If the transfer function relating the output y to the disturbance D and the
control signal u are GD and GP , the transfer function GFF of the feed
forward controller should be
GFF = −G−1p GD (A.5)
which in the optimal case compensates the disturbance completely. The de-
sign of the feedforward compensator in this project is calculated as in Equa-
tion A.5 and then reduced to a constant gain, see [5], under the assumption
of stationary disturbances.
A.3 Disturbance Observer
In order to construct a feedforward controller the disturbance needs to be
known. In some cases disturbance measurements are not available or unreli-
able. This section presents a strategy to overcome this problem by estimating
the disturbance. The idea is taken from [4]
Consider the system described below
x˙ = Ax+B(u+ d)
y = Cx
(A.6)
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where d is the disturbance, x = (x1 x2)T and
A =
(
a11 a12
a21 a22
)
B =
(
b1
b2
)
c = ( 1 0 ) (A.7)
With this system a linear observer is derived under the assumption that no
disturbance is present.
˙ˆx = Axˆ+Bu+K(y − yˆ)
yˆ = Cxˆ
(A.8)
The estimation error is then deﬁned as (x˜ = x− xˆ). By inserting (A.6) and
(A.8) into the expression for x˜ it yields the following dynamics
˙˜x = (A−KC)x˜+Bd (A.9)
where K is chosen in such way that x˜ will converge. When the estimation
error has reached steady state ( ˙˜x = 0) Equation A.9 is solved for d. The
following expression for the disturbance is achieved.
d = −B−1(A−KC)x˜ (A.10)
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A.4 Disturbance Observer with Feedforward Con-
trol
The system achieved when connecting a disturbance observer with a feefor-
ward controller has interesting characteristics which are investigated in an
example below. The process that is to be controlled is a ﬁrst order system
with one control signal and one disturbance. The system is presented below
in Figure A.1
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Figure A.1: Control Sheme
Transfer Functions
The process dynamics are represented by the transfer functions Gu→y and
Gd→y which are calculated below:
x˙ = ax+ bu+ bdd
y = x
⇒ y = b
s− au+
bd
s− ad (A.11)
where the exact value of the parameters a, b and bd are unknown.
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The signal yM represents the output from the modelled process without
disturbance. The input us is an external control signal given outside the
system. The dynamics of the model are described by Gu→yM which is derived
below:
x˙M = aˆxM + bˆus
yM = xM
⇒ yM = bˆ
s− aˆus (A.12)
where aˆ and bˆ are model parameters designed to correspond to a and b.
The transfer functions Gu→yˆ and Gy→yˆ are calculated as follows:
˙ˆx = (aˆ− k)xˆ+ bˆu+ ky
yˆ = xˆ
⇒ yˆ = bˆ
s− aˆ+ ku+
k
s− aˆ+ ky (A.13)
It can be seen that the dynamics of the observer are based on the model pa-
rameters together with a constant k that is chosen so that it assures observer
convergence.
When calculating the observer error y˜ = y − yˆ, Equation A.11 and A.13 are
used yielding the dynamics below:
˙˜x = (a− k)x˜+ (b− bˆ)u+ (a− aˆ)yˆ + bdd
y˜ = x˜
⇒
⇒ y˜ = b−bˆs−a+ku+ a−aˆs−a+k yˆ + bdd
(A.14)
Since a, b and bd are unknown the estimate of the disturbance will be calcu-
lated, using a modelled gain bˆd and with the intention that a = aˆ and b = bˆ,
as:
dˆ =
(s− aˆ+ k)
bˆd
y˜ (A.15)
This estimate will not only include d but also parameter errors.
The feedforward controller is designed in accordance with Equation A.5
where the transfer functions are based upon the process model ym = bˆs−aˆu+
bˆd
s−aˆd. This yields the following relationship between dˆ and uc:
uc = −
bˆd
s−aˆ
bˆ
s−aˆ
dˆ =
bˆd
bˆ
dˆ (A.16)
A.4.1 The Closed Loop
In order to calculate the transfer function the following insertions were made:
Equation (A.13) → (A.14) → (A.15) → (A.16)
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Together with the relation u = uc + us the new equation is solved for uc
yielding:
uc =
aˆ− a
b(s− aˆ+ k)y +
bˆ(s− a+ k)− b(s− aˆ+ k)
b(s− aˆ+ k) us −
bd
b
d (A.17)
When inserting (A.17) into (A.11) and solving it for y the following expres-
sion is achieved:
y =
bˆ
s− aˆ+ kus = ym (A.18)
This implies that the system compensates the disturbance d perfectly but
the parameter errors stays and the process is forced to behave as the model.
This system is however nonrealizable since the transfer function in (A.15) is
not proper. This can be solved in two ways. One way is to take the steady
state gain and the other way is to add a ﬁlter to the expression. The new
expressions then becomes dˆ = (−aˆ+k)
bˆd
y˜ and dˆ = Gf
(s−aˆ+k)
bˆd
y˜ respectively.
Using the second approach with a ﬁlter Gf =
ωf
s+ωf
the expression for y
becomes:
y =
bbˆ(ωf + s)
bˆs2 + (ωfb− bˆa)s− ωfbaˆ
us +
sbˆd
bˆs2 + (ωfb− bˆa)s− ωfbaˆ
d (A.19)
The system is stable if (bˆ), (ωfb − bˆa) and (−ωfbaˆ) have the same sign. If
the process is stable (a, aˆ < 0) and the ﬁlter is stable (ωf > 0) this means
that (sign(b) = sign(bˆ)). Furthermore must |ωfb| > |bˆa| in order to fulﬁl
the criteria.
The convergence for a constant input signal (us = uconsts ) and a constant
disturbance d = dconsts is calculated with the ﬁnal value theorem to become:
limt→∞y = lims→0sy =
bˆ
−aˆuconst = limt→∞ yM (A.20)
The output signal of the process converges to the output signal of the model.
When changing the disturbance input to a ramp d = dconst
s2
, the ﬁnal value
theorem yields the same result.
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Set Point Control
Due to the result that y(∞) = yM (∞) for a constant input signal it is
interesting to investigate if the system can be used as a set point controller.
When rewriting (A.12) with yM as input signal and us as output signal it
yields us = s−aˆbˆ yM which needs to be ﬁltered in order to be realizable:
us =
wf2(s− aˆ)
bˆ(s+ ωf2)
yM (A.21)
Inserting (A.21) into (A.19) yields the following transfer function from yM
to y:
y =
bbˆ(ωf + s)
bˆs2 + (ωfb− bˆa)s− ωfbaˆ
· wf2(s− aˆ)
bˆ(s+ ωf2)
yM +
sbˆd
bˆs2 + (ωfb− bˆa)s− ωfbaˆ
d
(A.22)
where yM is treated as a set point value of y. The system in (A.22) inherits
the poles and zeros from (A.19) but adds an additional zero and pole. The
extension of the stability criterion stated above is that ωf2 > 0.
The output error ye = yM − y is presented below:
ye =
(bˆ(s+ωf2))(bˆs
2+(ωf b−bˆa)s−ωf baˆ)−(bbˆ(ωf+s))(wf2(s−aˆ))
(bˆ(s+ωf2))(bˆs2+(ωf b−bˆa)s−ωf baˆ)
yM−
− sbˆd
bˆs2+(ωf b−bˆa)s−ωf baˆ
d
(A.23)
When applying the ﬁnal value theorem with a constant input signal the error
converges to zero.
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